Composite Overwrapped Pressure Vessels (COPV): Flight Rationale for
the Space Shuttle Program

Introducing composite vessels into the Space Shuttle Program represented a significant technical
achievement. Each Orbiter vehicle contains 24 (nominally) Kevlar tanks for storage of pressurized
helium (for propulsion) and nitrogen (for life support). The use of composite cylinders saved 752
pounds per Orbiter vehicle compared with all-metal tanks. The weight savings is significant
considering each Shuttle flight can deliver 54,000 pounds of payload to the International Space
Station.

In the wake of the Columbia accident and the ensuing Return to Flight activities, the Space Shuttle
Program, in 2005, re-examined COPV hardware certification. Incorporating COPV data that had been
generated over the last 30 years and recognizing differences between initial Shuttle Program
requirements and current operation, a new failure mode was identified, as composite stress rupture
was deemed credible. The Orbiter Project undertook a comprehensive investigation to quantify and
mitigate this risk. First, the engineering team considered and later deemed as unfeasible the option
to replace existing all flight tanks. Second, operational improvements to flight procedures were
instituted to reduce the flight risk and the danger to personnel. Third, an Orbiter reliability model was
developed to quantify flight risk.

Laser profilometry inspection of several flight COPVs identified deep (up to 20 mil) depressions on the
tank interior. A comprehensive analysis was performed and it confirmed that these observed
depressions were far less than the criterion which was established as necessary to lead to liner
buckling. Existing fleet vessels were exonerated from this failure mechanism.

Because full validation of the Orbiter Reliability Model was not possible given limited hardware
resources, an Accelerated Stress Rupture Test of a flown flight vessel was performed to provide
increased confidence. A Bayesian statistical approach was developed to evaluate possible test results
with respect to the model credibility and thus flight rationale for continued operation of the Space
Shuttle with existing flight hardware.

A non-destructive evaluation (NDE) technique utilizing Raman Spectroscopy was developed to directly
measure the overwrap residual stress state. Preliminary results provide optimistic results that
patterns of fluctuation in fiber elastic strains over the outside vessel surface could be directly
correlated with increased fiber stress ratios and thus reduced reliability.



Bio:

Michael Kezirian, PhD is a systems engineer for the Boeing Company. Since 2005, he has supported
the Space Shuttle and Space Station Programs in Houston, Texas. For the Orbiter Project (Shuttle) he
is the Endeavour (OV-105) vehicle safety lead; in that capacity he develops safety products for the
Certification of Flight Readiness and during flight represents safety activities to Boeing and NASA
Program Management. Additionally, he has led the analysis team for the Orbiter COPV working
group, understanding and mitigating flight risk for continued operations of the Shuttle Program. For
the Space Station Program, he is a lead design engineer for the COPV development on the Nitrogen
Oxygen Recharge System (NORS).

Since 1997, he has served on the faculty of the University of Southern California. As a Lecturer and
now Adjunct Associate Professor, he has taught undergraduate and graduate classes in Polymer
Science and the undergraduate course in Spacecraft Dynamics. He is developing a small research
group developing technology for space applications.

In 2009, Dr. Kezirian was elected an Associate Fellow of the American Institute of Aeronautics and
Astronautics (AIAA) and, at NASA, was awarded the Astronauts’ Personal Achievement Award (Silver
Snoopy).



@aaflma

Developing Flight Rationale for the Space Shuttle Program

-

November 3, 2010

Michael Kezirian, PhD

The Boeing Company
University of Southern California

BOEING is a trademark of Boeing Management Company. Author, 10/19/2010, Filename.ppt
Copyright © 2010 Boeing. All rights reserved.



Challenger and Columbia: Context of Safety

BDS | Space Exploration | Engineering & Mission Assurance

__BREAKING NEWS

SHUTTLE FOLLOWED BY MULTIPLE
VAFOR TRAILS OVER TEXAS ;8
PRTH CENTRAL TEXAS AFTER CONTACT WITH SPACE SHUTTLS

Challenger Disaster led to the Implementation of the Philosophy of the ‘First Law
of Safety’: The design and its operations must be proven to be safe - itis
not the system safety engineer’s task to prove that it is unsafe.

COPV Investigation represents a NASA success in understanding challenging
and complex technical issues and successfully mitigating risk.

Copyright © 2010 Boeing. All rights reserved.
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Outline
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= QOriginal Shuttle Program Design & = Validating Reliability Model
Operating Requirements * Accelerated Stress Rupture Test
= Original Safety Considerations « Bayesian Analysis —how to
= Concerns Raised During ‘Return to incorporate new information
Flight (2005)" after Columbia Accident « Raman Spectroscopy measurement
of current fiber stresses
= Tank Replacement = Future for Composite Vessels at NASA

= Operational Improvements

= Orbiter Reliability Model
o Stress-Rupture Life of Kevlar Fiber
o Stress Ratio Model-Orbiter Tanks
« Temperature Dependence

« Accounting for Material Variability == Aging Concerns for Kevlar and Carbon

International Space Station
NORS

Commercial Satellites
Future Exploration

and Data Uncertainty COPV
: L :  Material Degradation and Radiation
= Recent Discovery of Titanium Liner effects on Lifetime

Ripples on Vessel Interior
* Analysis of Potential Buckling
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Orbiter COPV Configuration
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Main Propulsion System (MPS)

Three 40” He Location of Orbiter

Seven 26” He _
Orbital Maneuvering System (OMS) Fluid Tanks

Two 40” He
Reaction Control System (RCS) auins
Two 19” He (each) P >
Left, Right and Forward o\l
Environmental Control and Life Support
System (ECLSYS)
Four to Six 26” N,

1606

S0

« Titanium liner (0.104” thick) and boss.
» Overwrap: Kevlar-49 fibers in Epoxy (0.739” thick)
Composite carries ~ 70-80% of load

(at operating pressure)

Copyright © 2010 Boeing. All rights reserved.



COPV Weight Savings
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24 Kevlar COPVs saved approximately 752 pounds per
Orbiter Vehicle (compared to an all metal tank design)

MOUNTING
N\, SURFACE
(2 PLACES)

= Orbiter Dry Weight
e 176,056 pounds (Endeavour)
e 176,419 pounds (Discovery) ...
« 176,413 pounds (Atlantis)

X
IMPNEGNATED
KEVLAR-49

= Payload Capabillity
e 54,000 pounds* (28.5 deg Orbit)
e 36,200 pounds* (51.6 deg Orbit)

*including manager’s reserve, payload attach hardware and flight
support equipment



Original Design Criteria
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= Original requirements: 100 mission in 10 years
« 1988: Life certification extended to 20 years

= Primary Failure Mechanism Considered: Liner Failure (parent material or weld)

= | ed to Design Requirement: Leak Before Burst (LBB)
e Liner Failure Mechanism:

— Imposed: hen the liner fails (parent material or weld) a pinhole develops such that the pressurized
gasses would slowly leak through the overwrap, but the liner would remain sufficiently intact such
that a more sudden unzipping or explosive burst failure would not occur

— Noted: However, sudden liner unzipping did in fact occur during several proof tests.

» Fail Operational, Fail Safe:

— If one tank were lost, Shuttle Program could continue its mission
— If two tanks were lost, Orbiter could return home safely

— Failure of 2 40" MPS tanks — Intact abort

— Failure of 2 40" OMS tanks — Blowdown mode, sufficient propellant for deorbit burn

— Failure of 2 ECLSS, 26"’ MPS or RCS tanks — System redundancy mitigated catastrophic failure for loss of gas
— Accounted for risk of overpressurization of the vehicle and effect on structural integrity

= Verification: Leak Before Burst (LBB)

e 20 Tanks were tested (artificially fatigued with induced flaws in order to fail in the liner).
 Experiments confirmed LBB failure mechanism.

= Composite Stress Rupture was mitigated by design; the maximum burst pressure
was selected such that the stress in the fibers was believed low enough to
preclude failure in the life of the program.

Copyright © 2010 Boeing. All rights reserved. 7



Original Design Criteria: Composite Stress

Rupture
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— Original certification of Orbiter tanks was based on 2 sets of data:
JSC fleet leader test program — 25 vessels (very little time accumulated at that point)
— Intended to envelope fleet tanks in both stress ratio and time

Statistical reliability models based on Lawrence Livermore National Lab (LLNL) epoxy-impregnated
strand and vessel tests (only a few thousand hours accumulated; strand data problematic)

— LLNL tests had small 4.5” dia tanks with low strength but thick (same as overwrap) Aluminum
liners, pressurized to 50-86% of ultimate fiber stress
— Subsequent data (up to 100,000 hrs) and refined analysis methodology, as well as
revised stress-ratio calculation by COPV Team (based on actual burst strengths)
concluded that risk of stress rupture was much higher than original predictions
Led to realization fleet leader program not be enveloping stresses of all fleet tanks

— Recognized differences exist between LLNL, fleet leader and flight tanks but LLNL data
is the only statistically large sample of data available
Identified follow-on effort to establish conservatism of LLNL based predictions for Shuttle tanks

LLNL Vessels Fleet Leaders Fleet Vessels
Diameter (in) 4.5 10.4 19-40
Liner Material 1100 Al 5086 Al Ti-6A4V
Liner Thickness (in) 0.04 0.04 0.044 (RCS He)- 0.104 (OMS He)
Overwrap Thickness (in) 0.04 0.25 0.285 (RCS He)- 0.739 (OMS He)
Overwrap Pattern delta axi-symmetric Complex Complex
Resin DER 332/Jeffamine F403 LRF-092 LRF-092
Fiber Kevlar 49 - 380 Denier Kevlar 49 - Type 969 Kevlar 49 - Type 969
Quality Control Little, if any High High
# Build Spools One Multiple Multiple
Pre-test Load None Proof test Proof test

Copyright © 2010 Boeing. All rights reserved.




Return to Flight: COPV Safety Reconsidered
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» Revisit of Orbiter COPV Design

 Re-examination of original Lifetime Certification data, Qualification
Test Reports and Vessel Data Packages resulted in new concerns

« Calculated probability of having a failure after 113 flights: 0.20
— Too high to accept the risk; not too high to discredit risk

« Composite stress rupture failure equivalent to explosive energy of
14 Ibs of TNT

o Shuttle Program: 30-40 missions (per vehicle) in 30 years

(compares with Original requirements: 100 mission in 10 years and 1988
re-certification to 20 years)

= Orbiter Engineering Team Tasked:
1. Investigate tank replacement/procurement new COPV

2. Make Improvements to Shuttle operations to reduce effective
time at pressure

3. Develop an Orbiter reliability model to quantify future risk based
on more recent recent test data and analysis of past data

Copyright © 2010 Boeing. All rights reserved.



COPV Risk Relative to Top Shuttle Program Risks

(Iteration 3.1)
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Rank % of Total Cun_;g::ltlve Pro(bl?:)lllty Failure Group
1 30.9 30.9 3.6E-03 Micrometeoroids and Orbital Debris (MMOD) strikes Orbiter on
' ' (1in277) |orbit leading to Loss of Crew or Vehicle (LOCV) on orbit or entry
5 13.2 44.1 1.5E-03 Space Shuttle Main Engine (SSME)-induced SSME catastrophic
' ' (1in652) (failure
3 10.2 543 1.2E-03 Ascent debris strikes Orbiter Thermal Protection System (TPS)
' ' (1 in 840) leading to LOCV on orbit or entry
4 7.0 61.3 (18i'r12§-§;0) Crew error during entry
COPV . .
] 5 56 66.9 6.5E-04 Reusable Solid Rocket Motors (RSRM) - induced RSRM
Risk N ' ' (1in 1,530) [catastrophic failure
6 1.6 68.5 (1lifg'gf0) Common cause failure of the Electrical Power System on orbit
7 15 0.0 1.7E-04 Solid Rocket Booster (SRB) Auxiliary Power Unit (APU) shaft
' ' (1in 5,890) |sealfracture
8 1.3 71.3 (11i.r15§-230) SRB booster separation motor debris strikes Orbiter windows
9 13 726 1.5E-04 An existing crack in the Orbiter APU turbine wheel propagates
' ' (1in 6,640) |resulting in catastrophic failure of the APU during entry
1.4E-04 .
10 1.2 73.8 (1in 7.350) Common cause failure of the APU System on entry

Copyright © 2010 Boeing. All rights reserved.
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COPV Tank Replacement
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Investigated Hardware Modification Option to replace existing COPVs

Certified procedures exist for replacement of MPS and ECLSS tanks.

Consider feasibility to replace existing OMS/RCS tanks.

|
SPACE SHUTTLE

Presented by: OMS/RCS AFT PROPULSION SUBSYSTE

W. F. Rogers
10/05/2005

40" OMS He Tank

Copyright © 2010 Boeing. All rights reserved.

18" RCS
He Tanks
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Margin Improvement Options

(OMS/RCS COPV Replacement)
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Schedule:
Margin Post Hardware Relative
Option Description Implementation Relative Complexity Risks On Dock Cost
Replace Existing Tanks with Low: Medium:
1A |[new drop-in MC282-0082-XXXX Acceptable * New Tank  Tank procurement schedule 18 months | Medium
replacements * OMS 40" Tank Replacement |+ OMS Pod skin damage
High: High:
* Requires extensive redesign |+ Nearest COTS tank that meets minimum
Replace Existing Tanks with of QMS Pod structure and/or OMS h_elium quantity requirements is a 24-36 .
1B . Acceptable helium system cylindrical tank substantially larger than High
nearest COTS equivalent . . . months
the existing tank; would require complete
redesign, remanufacture, and recertifica-
tion of the OMS Pods
. UNACCEPTABLE |Low: Medium:
2 SvY‘ap OMS 40" tanks with MPS Minimal * 40" OMS Tank Replacement |+ OMS Pod skin damage 0 months Low
40" tanks improvement  |* 40" MPS Tank Replacement |+ Aft compartment damage
High: High:
« New plumbing/tank mounting |+ System design 14-18
provisions in aft  Tank procurement schedule months
Add an additional tank or tanks | Acceptable for |« New instrumentation (temp « Addition of new failure modes (assumes
3 to increase OMS system volume OMS; Not Sensors) « Damage in Aft Compartment during mod use of 2 Medium
to reduce pressure Applicable to RCS |« New interface (Aft/OMS) * RCS tank margins tanks from
* Recert of OMS system etc. Logistics
« 26" tank procurement inventory)
High High:
* Requires extensive « Margin improvement may not be
Strengthen existing tanks by development, analysis, and quantifiable 14 - 18 Medium-
4 |adding additional layers of Unknown qualification effort  Many technical unknowns (low technical months High
overwrap maturity - TMM Level 2)
* Likely requires new procurement to
replace devel/qual tanks
12
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OMS Tank Removal Replacement Feasibility
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Option Description Feasibility Relative Complexity Risks
_ High: Medium:
1 Remove RCS stinger and Feasible « Requires cutting 10 RCS prop. lines « RCS system damage
extract tank out end of Pod « Thrusters must be refurbished « Stinger structural reattacment
Not Feasible |High: High:
5 |Remove OMS NTO tank and Bulkhead opening |* Would require extensive redesign & « OMS Pod modification would be
extract He tank out opening is too small modification of OMS Pod Structure extensive
) Medium: Medium:
g |Remove Pod ait outboard skin Feasible « Requires removal of 180 HiLoks « OMS Pod skin damage
and extract tank out opening « Requires removal of NTO tank

Identified Risks:
Composite honeycomb OMS Pod skin damage
during HiLok removal
Determined accessibility of HiLok collars —
99% accessible if NTO tank is removed first

Identified skin repair procedures
Edge distance is sufficient to over-size holes

Began discussions with WSTF for a trial-run

on the Fleet Leader OMS Pod
WSTF fleet leader helium tanks may be used for COPV
testing, forcing removal anyway

Initiated Structural Model To Assess Pod
Rotation With Skin Removed

Identified GSE and Developed Concepts
Skin handling strongback

Initiated Preliminary Implementation Plans

Copyright © 2010 Boeing. All rights reserved.




MPS Tank Replacement of Existing Flight Spares
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= OMS and MPS tanks (identical parts) were deemed the
highest risk to the program.

 Two flight spares were used to replace the two MPS vessels,
COPVs with lowest estimated reliability (SN 006 and 007).

« SN 006 was designated as a flight spare

« SN 007 was later ‘sacrificed’ for the Accelerated Stress Rupture
Test.

e Main cause (now recognized in hindsight) was the low burst
strength performance of these 40 in. diameter vessels
compared to others, especially 26 in. MPS vessels (virtually
scale models)

— Burst strength fell short by about up 15% of that reasonably
expected

Copyright © 2010 Boeing. All rights reserved. 14



Operational Improvements
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Mitigation: Changes implemented to reduce flight risk

Two stage load

» Loading procedure is split into two steps, first to 80% then to designated flight pressure”. The
temperature rise during loading corresponds to the fastest accrual of effective hours; the two step
process allows the tanks to dissipate this heat in order to minimize the effect of the overshoot.

= Pressurization improvements

* Fill requirements are set to specified temperature limits and precise tank fill level rather than
minimum level.

= System Checkout
* Tests performed at 80% of operational value instead of 100%.
= Reduced time at load

» Servicing (loading flight gasses) occurs later in the launch countdown cycle; OMS tank loads
moved to 4 days prior to launch (previously as early as 12 days).

= Pad Clears

* Ground personnel are prohibited near the vehicle while tanking, which is the highest risk
procedure

= Restricted Pad Access
* Restrict pad access to essential personnel only after pressurization of COPVs

= OMS offload
* Reduce He pressure on the OMS tanks, reducing the corresponding stress loads

#Temperatures in the past had gone to 180°F (82°C) or higher

Copyright © 2010 Boeing. All rights reserved. 15



Typical MPS Load Profile
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A
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Two-Stage Loading Process
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MPS Cheat Load

5000 180
4500 | 160
4000 ¢ \ 1 140
< 3500 | 1 m
£ T 120 &
£ 3000 | o
o 1 100 3 | ——Pressure \s. Time
> 2500 s 80 5 Temperature \s. Time
+ o |— u T
@ 2000 H 2 P
& 1500 | 160 9
1000 | |40 _
1 20 Introducing a “Cheat
500 Load”, greatly reduces
0 - 0 the time at elevated
temperature and
QO O 0O O O O O &0 & O O O
MR M S S s SR LU LU LR SR S oY ressure.
A R O S S RS P
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Operational Improvements Summary
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OMS (Full 2 T-12 T-6 Y 100 200 105
Load)

RCS:AFT 4 120 272 135
(L/R)

RCS: F 2 98 31
MPS 40" 3 Y 240 90
MPS: AFT 3 Y 225 93
MPS: MID 4 Y 187 65
ECLSS 4-6 T-90 T-70 N 110 2,500 1,468

Launch Scrubs and Weather conditions affect actual accrued time.

Copyright © 2010 Boeing. All rights reserved. 18



OMS Offload
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* Reduce helium pressure on the OMS tanks, reducing the
corresponding stress loads

* Pressure in the helium tanks is driven by the failure scenario of a
launch abort (Return To Launch Site-RTLS). In this scenario, it
IS necessary to expel the liquid fuels in the OMS liquid propellant
tanks in order that the Orbiter vehicle will meet landing center of
mass constraints.

* Reducing the OMS liquid fuel and corresponding helium pressure
meets RTLS constraints and only loses 10 pounds Ascent
Performance Margin (APM).

* OMS COPV pressure is reduced from 4875 psia to 4450 psia.

= New Helium pressure reduces effective accumulated time from
105 hrs to 35 hrs, reducing stress rupture risk by a factor of 3.

Copyright © 2010 Boeing. All rights reserved . 19



Hours Calculations with Operational

Improvements
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= Evaluation of Accumulated Hours

STS-123  OV-105  3/11/08  29.6 12.6 41.8 36.9 45.4
STS-124  OV-103  5/31/08 14.5 16 39.6 42.2 36.5
STS-126  OV-105 11/14/08 33 15 32.9 30.4 38.1
STS-119  OV-103  3/15/09 23.4 23.9 51.3 57.1 47

STS-125* OV-104  5/11/09 100 106 66 63 70.9
STS-127 OV-105  7/15/09  63.2 24 66.9 57.7 74.8
STS-128  OV-103  8/28/09  26.7 29.2 101.7 109.1 94.4
STS-129 OV-104 11/16/09 14.2  15.6 42.6 42.7 47.7

Projected Hours Standard OMS
* Full OMS Load

35 hrs/flight
* 105 hrs/flight

*STS-125 carried a Full OMS Load.
*Red indicates accumulated hours exceeding projections.

90 hrs/flight

Copyright © 2010 Boeing. All rights reserved. 20



Orbiter Reliability Model
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Orbiter Reliability Model Key Features:
Kevlar database to consider lifetime as a function of stress ratio in fiber
(effective fiber stress level divided by fiber strength) at burst

= Understand the actual stress ratio of each COPV in the fleet

Two vessels otherwise identical in design (but manufactured at different
times) could have significantly different stress ratios because of measured
mechanical response differences during proof testing (e.g. permanent
volume growth was found to vary by up to a factor of two)

= Account for temperature variations and high excursions
during pressurization and flight

= Account for actual previous time-under-load history of each
COPV in the fleet through determining effective accumulated
time under pressure

21
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Kevlar Industry Database
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» Revisited large body of data on strength and stress-rupture of
Kevlar-49/epoxy composites used in COPVs (got LLNL to
declassify and release data updates from 1981-1988)

= Applied a micromechanics based statistical model to interpret it

= Data based

LLNL ('72-'88, strand and vessels released in 2005)

NASA Fleet Leader (‘78-'03)

Cornell single fiber tests (large replications at various temperatures, ‘82-'06))
duPont/DOE (‘83-'85) a repeat of LLNL vessel tests effort to resolve spool effect
anomalies

= Phenomena involved: matrix volume fraction, temperature, size
effect, loading rate effects, liner effects, spool-to-spool effect

= Result: Eventually obtained consistent view of stress-rupture of
Kevlar-49/epoxy composites in comparing, fibers, strands and
various vessel sets

Copyright © 2010 Boeing. All rights reserved. 22



Kevlar Industry Database
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Lifetime distribution function under stress history &(t), t>0 and const. temperature,

N
F(t&(.))—lexp{vv [J;[Z(S)] tds]

()" ds "
-0 Gref tref,Z

Time const., power-law exponent, Weibull life shape parameters
ter1r o B, parameters for t >> 100 hours

tet 20 020 Bp,  Parameters for t <100 hours

Weibull shape parameter for strength
(pl +1)181 = (pz T 2)182 =

Copyright © 2010 Boeing. All rights reserved. 23



Kevlar Industry Database
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= Problem 1: Fiber volume fraction influences effective mean fiber
strength of Kevlar/epoxy strands (after rule of mixtures calculation)

4000 T T r T . r T
SLP 1/29/06 | | i Effect of fiber volume fraction
3900 -~ : S Weibull scale | on the effective mean fiber
GO e e A . | parameter values |...|strength in fiber/epoxy strands ||
— ' ' i i
LSE , S~ - ﬂ__—____‘_———————— 1420 denier Kevlar 49 yam in
= 3700 [---mmmmrmmmrde e Polly o iy " ~’| Dow DER-332/Jeffamine T-403 epoxy
. : : - ; i | 0.16/min strain rate
= 3600F--------- mean values SR RRRRl SEREERLRR Fo-ooe- ""'1-..“‘ --------------- ---| 12.7 cm gage length H
[=)] : : : . :
V-1 | AU S S U SRR Mot 18 V _________
Qo i i ! i Rl predicted scale
B 400N b W | MR
[T} : : : : :
T 00 SIS SORSRSSPSRURI SUSSOFUTUTUN . WUV FOUOTOIOTUUIY SO
L'G_J 380 denier Keviar 40 yam in
= 3200 - Dow DER-332/Jeffamine T-403
ti B?Jzt;xrr{inst"ainrate
E L 25 4 cm gage length :
e oy ] NS S S SO SO S SO
Note: factor of four slower strain rate for 380 :
2900 —a ------------ ;i':enie:;lrands likely to reduce strength by less --------------
. : an
280 | | T T T T |
%5 40 45 50 55 60 65 70 75

Fiber volume fraction, %
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Kevlar Industry Database
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= Lifetime vs fiber stress for various Kevlar 49/epoxy strands
(volume fraction effect originally confounded stress ratio concept)

I I | I L |
4 250 strengthsconverted  |_..0............ccooeoiboneannns Weibull scale parameter for lifetime of 380
4,000 (L0 tmes 2t 00004NTS | | p=74, p=053 _| denier Kevlar 49/epoxy strands including
37501 y_se Lo ¢ = 080055 hrs at 3505 mpa | | Pre-production version PRD-49lll
! 1= h‘ . ] . : H
3,500---- .‘-‘i.;f;:*rfu'i/; """"" posse e p=37,p=105 [ SLP 7/17/06
V=65% @., -~ T a= plp+1) = 40 .
E 3,250}---- V- 68% ":‘:Tl'i'.-',!’;;';;'h"i;;:'ﬁ';;;“ t,=0.015hrs at 3505 MPa [-=-=-"-norreoenpe e n e
= 3,000—--------:-------------------:-;-?-*;:Ef-“ﬁ':-‘ﬁ-- e SILIEEIEIELEEERE TELLERee
f.l'; : —i o ._:. *‘:" . ;
7] et =8 B 027 e '.".'-“ . ............ L. p=246, p=1.00 1
® 2790 | aipha = ple+1) = 25 : e ¥ 1 e 25
FA o IOUUUURNS A Mtk OO OO o WALSCLLET Y
o~ : : =’ T=27°C / :
E epoxies have similar mechanical : ' ‘!’Q .!l '
2,230+ properties but affect fibers differently | 7 T -\.‘_
: : : : Loy
20001 T LLNL data from 1973 t0 1981 " ourescentightuv | 5 T
Kevlar 49 in DER332/T403 [\r" Vﬂﬂﬂhle’ ————— E EXposUre causes j“ :
i = o -—— - ; =10, =29 *e .
1.750L..| PRD-491ll in ERL2258/22L0820 (V, = 71.5%) i ﬂqaugrmmmpa SO S S
i i i i i i
-4 -2 0 2 4 6
10 10 10 10 10 10

Lifetime, hours
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Kevlar Industry Database
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= Problem 2: Lifetime of Kevlar 49/epoxy strands at 0.791 fiber stress ratio
showed evidence of “trunsoring” (failures on loading expected based on
strength distribution) two regimes emerged when finally corrected

Weibull probability plot

Probability of failure

S S S N ! T T ' T T T
0.999 || LLNL Kevlar 49 strand lifetime at 2537 MPa ~ |..... SLP 7/16/06 '
0.99 || Fiber stress ratio 0.791 {79.1%) e
0 96 |-|380denier Kevlard@yarn

0.90
0.75

050 e L
Reconstructed with 10 likely
unreported earlier failures based

025 ...... on Phoenix Il model cuupled to et O D —]
strength distribution prediction. * ' | Phoenix Model Il

0.10
0.05"]

|| DER-332/T403 epoxy matrix, ‘v'r =58%
Strand strength Weibull parameters, n =100, 0.04/min: ................ .......

scale = 3,209 MPa, shape=26.0

S {complete version)

MLE (misleading) scale shape
‘| eriginal {101): 2,649 1.25

Phoenix model Il with data reconstructed (101+10); |

0.02 ?
: | lower tail: 500,000 0.27
0.01 g | upper tail: 2,700 1.00
: Hahn, Chiu and Gates T : : o
(1979} extracted from
: computer plotted graphs. :
0.003F i . . . R R R T R R S R ST o R i
2 3 4
10 10 10

Lifetime, hours
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Kevlar Industry Database
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* Problem 3: Since 30 vessels were made from each spool (7 spools) serious
spool effects emerged, so had to develop analytical technique to remove
spool-to-spool effects uniformly between strength and life

ﬂ.1 I I I I I I I T T s
Spool effect in LLNL vessels between : L
0.08 | Weibull strength and lifetime for all 8 .,./-
spools and with liner correction of 500 psi. | 4 = !
0.06 N ' ' -----t--- With spool -
. A , ., effect
0.04 ; T O N e S .
e ! ! ! ! ! : | SLP 6/05/06
o T T
o 0.02
&

m—
i . . .
= spool effect
= . removed =
£ P :
: . 7 [t —13ahrs
_,e,_/ o] ref,s ol
B I N b L
VLA T . . "
0.08----. LGREEEEE e L - - -
: : : In{t /t__ )=23.85In(SR )
o i i ! s ref,s 5

04k i i i i | | | I
01 -0.08 -0.06 -0.04 -0.02 O 0.02 004 0.06 008 01
In(SRS} = In(psi’prefﬁ}
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Kevlar Industry Database
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» Problem 4: Anomalies in burst strength of Kevlar 49/epoxy pressure
vessels (LLNL vs duPont-DOE rerun) finally resolved when spool effects
and liner yield strength differences taken into account

Weibull probablllty plot

I I I I
LLNM am:l duPont -DOE Kevlar 49 spherlcal vessel| hurst !
pressure data corrected for liner support and spool effects + | LLNL including
: : : ' outlier vessel
0.999 duPont-DOE vessel Weibull parameters with duPont.DOE F #8282 (spool 3) |
0.99 | censoring of leakers and other anomalies, : : ' _
0.96 | | and adjusted for 286 psi of liner support: . . |
© 990 - shape [95% CI]: 37.1 [23.2,594) | : v |
3 ; scale {psﬂ [95% ClI]: 4535 [4457, 4615] : : ] ! LLNL
;@ 0.75 At I : : L _____ original | ]
[ er liner correction : ! : ! e RN data | ! |
© 0.50 1 quPont-DOE vessels E ! O ;] LLNL with |2 , ;
=) now only 1.0% weaker | : H 5 ! : fﬁigﬂgfr [ sLp 7116108
% 0.25 [~ than LLNL vessels @ ; : , -
. . : & ! ! !
'g ' ! Q LLNL vessel Weibull parameters:
E‘T_ 0.10 _'“ T Adjusted for spool effect (spoel 7 included), T
: . @ . : liner support of 500 psi and outlier removed:
0.05 -----morbeemeees 0 R RRREREE shape  [95% CI:  40.1 [306, 52.6] | -
: : : | scale (psi) [95% CI]: 4581 [4540, 4627]
R o Vo o V] Original: ]
0.02 ] O ] 5 ] shape [95% CI):  25.2 [19.7, 32.7]
0.01 T S S T S scale (psi) [95% CI]: 4604 [4540, 4670] | |

| | | | | | | | |
4000 4100 4200 4300 4400 4500 4600 4700 4800 4900 5000
Liner corrected burst strength, psi

Copyright © 2010 Boeing. All rights reserved. 28



Kevlar Industry Database

BDS | Space Exploration | Engineering & Mission Assurance

* Problem 5: Lifetime discrepancy emerged between LLNL vessels versus
virtually identical duPont/DOE replicates (as well as strands). What went
wrong? Apparently a p-T Ratchet effect.

1.15 T T I I
I 1| S SLP ?HEJ"DE ......... LLNL Kevlar 49 spherical pressure i
1.05 1.03 pressure | | - vessels. Weibull scale parameter
e[ lmatefactor [T . for lifetime vs fiber stress ratio. Spool
1---- : ! effect corrected and Spool 7 included. H
0.95} , 8 . N — -
0.9 ; : duPont-DOE:
% ' SummeriWinter temperature frer,s = 13 s
= () 85 - cycles are apparent in the p=240 N
ﬁ data causing pressure B=1.35
@ 0.8|-] fluctuations as large as 2.0 =31 |
-E lMPa (out of a burst pressure R '
o 0.75L.. of about35MPa). Sincethe | i | — \, o | 1.6 MParatchet from
g ' liner is elastic-plastic at all test . ?"9'":!" 5 hrs v ;] Winter-Summer temp.
C o7k pressure ratios and is twiceas | ;| refs | fluctuations allows
: stiff as the overwrap, a p=20.5 " match to duPont-DOE
ratcheting effect on the fiber : B=1.85 ;| vessels
0.65 |- stress ratio results from periodic }--2-]------ e=401 f AP oo —
pressure adjustments upward. ; ;
4 L O
0.6 A1°C ~ A 04 MPa
| | | |
0.55 -4 -2 0 2 4 i
10 10 10 10 10 10

Weibull lifetime scale parameter, hours
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= Considerable temperature
fluctuations winter to i 1 aropeaniincroaces
summer cause plastic recorts for multple
liner yielding followed by |
“topping off” and a ‘

vessels due to
F ) winter-summer
-

& strain after pressure

two +5C ~4| fluctuations
f _--ratchets

ratchet effect increasing T

1 degree C causes 1
0.4 MPa pressure )
increase

the overwrap stress over Strain. %
time

of 1+ 1%
! overwrap stiffness

only 42% of liner
stiffness
nominal 68%

—
pressure ratio
4

burst
pressure

= Lifetime of Kevlar ,
49/epoxy pressure “

experiments on
LLML liner

VESSG'S Wlth Very thICk material show

. . beginning of yield
1100-0 Aluminum liners AN | R
tK/tA| - 100 and Very IOW Cﬂffeséiﬂﬂds Pressure, MPa

y|e|d Strength (45 Mpa) to 14 ksi yield
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= How it looked when all the data was put together (~ 1000 data points)

» If ratchet effect were not accepted as cause of low power-law parameter, flight
rationale probably not possible

1 .15 I ] I I I I

11L Weibull scale parameter for stress-rupture
105 SLP 8/02/06 lifetime of LLNL spherical pressure

Uor p>200 t =1.3 hre vessels and strands based on 380 denier

1 "D'lj}i ________________ - =, Kevlar 48 fiber in DER-332/T-403 epoxy

0.95 “@.. atV. =65%. (PRD 49lll strands use
i E-..._- ERL2258/ZZ1L 0820 epoxy at ‘u"f: 71.5%.)
S 09r p=65t090 Tp) i
© 0.85 o o "-m,.% B and « increase and
o oY | BT e strength decreases 1
ﬂ 08L with material volume _
"E summer/winter temperature changes induced under load.
— 075 pressure fluctuations causing liner plastic yielding -
E and ‘ratcheting’ of fiber strain from A p adjustment.
L 0.7 -
LLNL strands [‘u"fzﬁﬂ%] ——————
065+ LLNL strands (PRD 48Il1) - . -
LLML 1-wrap vessel -
06- duPont-DOE 1-wrap vessels == == m m = ]
' LLNL 4-wrap vessels ~  ====sssssnes ~
Cornell single fibers K
0.55— - . . | |
-4 -2 ] 2 4 g
10 10 10 10 10 10

Lifetime, hours
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= Data on temperature effects finally resolved the issue p oc 1/T was key

discriminator
. Dependence of Weibull scale parameter for lifetime on SLP 8/15/06
3.0 0 )+ SR =286 fiber stress ratio and absolute temperature in °K B s —— i
| 0= '
l". ! ! '
E:rlr;‘.‘,’_ . ; ; LLNL vessels believed to have suffered a
; f'l}}*-,.. ; ; ratchet effect on strain over time due to
200 ' f_f;,}*-,_,__r _____________ e o summer-winter temperature fluctutions ]
. : ’f.-'.ff;"n., ' r that plastically yielded the soft Al liner
'{{{.q;;'*e.,. 5 5 (equal in thickness to the overwrap). This
"-.{{;}?.:‘r-._, ' was made worse by pressure corrections.
O . "ﬂf-'}:.:;._"h.,* ; Consequently the LLNL vessel model
"(TU' «(—.- t =1.64x10" hrs '*:-.‘}:.{{.':u "'-..* ; parameters slightly underestimate elevated
ha o : ‘*»“;:-'.-:.::&-*_* e, : temperature performance of duPont-DOE
0 IR ; and NASA fleet leader vessels.
w
E 1.0 - IR TR i g Ta —
- | J O S S ———— S T TR PR— e .
« 0.8 L . by LT ; p=24, p=1.67 |-
0.7 - e o ! . : t ¢=143hours | |
06 a=pp= 40
S B SingleKevlard9fibers | NN e L, ) o |
T3 I D U SR o T T . 4 N2 S —8F i
‘ Kevlarfigfepoxy strands 150°F
0.4 [ '""""""'"'""'"""'"'"""'";""'"""'""'"'"""'""'""r""'"""'"""""""""""": » _."'t 1?5°F """""" ]
O Kevlar 49/epoxy spherical : : , . 200°F
: pressure vessles ; ; 230°F
0.3 | . | ! ! ! ! |
-10 -5 2 5 10
10 10 1 10 10%10° 10410 10

Lifetime, hours
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Stress Ratio of Orbiter COPV
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* For the existing Orbiter vessels, at operating pressure,
what is the stress ratio are the Kevlar fiber?

= Consider 26"’ Tanks:
 Three tanks were burst to determine
 For operating pressure = 4500 psi, stress ratio ~ 0.47
» Reliability estimates at these stress ratios for the existing
Kevlar database gives risk less than 1:1 million (i.e. at least 6
‘9's’).
= Consider 40" Tanks:
e Burst Pressure of SN 002: 8,010 psia
 Burst Pressure of SN 011: 7,667 psia
* Operating pressure at 4875 psia (OMS) stress ratio SR = 64%
 Operating pressure at 4500 psia (MPS) stress ratio SR = 53%
* Not acceptable reliability estimates
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Tank Production History
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] T T T 1 T T 1 T T T 1 T T 1 T T T T T 1T T T T T T T T T T T T

400 -

SLP 6/21/08 @ Vendor postproof minus
3751-- liner preproof (except last four) |-
e ¢) Based on boss-to-boss and
L () B pi-tape measurements 1
@ ® @ corrected for overwrap weight
325N @ - @ ‘- o Based on WSTF value of

postproof volume

<
O
<
¢ |
‘
o
® !
Ll

73| M.

220 ‘*’,2’. \0\‘;{

]
L
<
.
N
<@

7]0]1)| AR —— S ——— A

Proof delta volume, in®

175 e e e e e e e e e e e e em e e e m e e s eteem e e e meemeemsemesmsemsemeemsesscosemes ...-..‘T.. . p—"
FEA prediction (2005) = e

FEA prediction (1978) -

150

®

100 [ T I I I _"I_"“I"_ I I I ) I I “I"“I" I ) I ) I 1 “I_-"I"“"“-"“"_“"“"_“-I_“"

| | 1 | | | 1 | | I
0123456738 9101112131415161718192021222324252627 2829 3031323334
Vessel build order

Vessel Fiber Stress Ratio tied to performance of individual 40” Tanks based on
original acceptance test data.

Permanent growth in tank volume during initial autofrettage is key parameter. Large
volume growth implies through thickness compaction, high stress gradient and thus
higher stress in inside fibers driving up overall stress ratio.
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Introduce Variability and Uncertainty
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= Log Normal Distributions accurately represent uncertainties in
estimated parameters:

(power-law, p, Weibull, g, t., etc.)

= Definitions:

* Point — Reliability prediction calculated based on the best-
estimated values for key parameters ignoring uncertainty

Monte Carlo Simulations performed; key parameters ‘randomized’

with log-normal uncertainty distributions; Reliability calculated:

« Mean — Average reliability from simulation of uncertainty (tied to
size of data set).

* 95% confidence — The 95% percentile ‘worst case’ (more or less)
reliability from among the simulation set.

= Shuttle Program based flight decisions on Mean Reliability (best able
to weigh deep tail uncertainty effects beyond 95% percentile)
although all three presented reliability numbers calculated for various

scenarios.

35
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Incorporating Temperature Dependence
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* Based on the time — temperature shift and
superposition relations, historic loading profiles of the
Orbiter Vehicle and Operational Improvements,

reliability was based on predicted future hours per
flight.
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Shuttle Database and Past Time
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» Extensive database provides the opportunity for Engineers
to calculate the historic cumulative effective time under
pressure (accounting for temperature and pressure
variations) of all tanks in the fleet.

= Condition Reliability calculated, Probability of Survival that
for Past hours plus future hours, given that tank has already
survived the specified number of past hours.

= Combining:
« Kevlar Database for Lifetime of fibers at given stress ratios
» Stress Ratio for each individual vessel (40" OMS and MPS)
« Anticipated Future hours (based on Shuttle operations)
 Monte Carlo Simulation for Mean, Point and 95% Confidence Limit
* Presented per flight, per vehicle and overall program risk
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Shuttle Database and Past Time
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= Arrhenius based model in power-law framework

= Convert Stress Ratio at elevated temperature to Stress Ratio
at reference temperature:

S ( p’TeI) — (I)(TeI,K —Tref K )/TeI,K S ( p T )Tref,K/TelyK |

» Tref
® =286, T, =300°K (80.6°F), p=p, =24
pel = IOTref,K/TeI,K

* Time-scale conversion for pressure & temperature change
follows:

~lref / lel ref / Tel ’
S ( pref ’Tref ):|p(1 e/t ) |:S ( pref ’Tref ):|'0(T ! )

f(pel’Tel):f(pref’Tre‘c){ ) S(p T )
el? "ref
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bility Program
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COPV Reliability Program Ver 2.0

— Lo

— ROM!

nce

Confidence Parameters

NRuns 100000 2

Orbiter Reliability Model developed in Matlab

Stress Ratio 05568 Stress Ratio 06258 Calculate ] \ Reset l Confidencs Litnit 085
Time Past (hr) 9641 9 Titne Past thr) 91726
Time Mission (hr) Tirme: Mission (hr) Load ] \ Save l
Mumber of Tanks Murnber of Tanks Mumnber of Nines
' +]
Pi. Relishility 0993988 Pt Reliability 089339 :
Mean Relishilty 0999933 Mean Reliabilty 0.999846 3
—LRE — RRC: — FRC: 0.999 4
Stress Ratio 0515 Stress Ratio 0515 Stress Ratio 0515 0.997 4:
Titne Pazt (hr) 30806 Time: Pazt (hr) 54151 Time: Pazt (hr) ag 0.93 -
0.8 B
Tirme Mission (hr) Tirne Mission (hr) Tirne Mission (hr) nEE :
Murnber of Tanks Mumber of Tanks Mumber of Tanks 0.90 ,
Pt. Reliabilty 1 Pt. Reliabilty 1 Pt. Reliabilty 1 ;
0.75 A
Mean Reliabiity 0.939389 Mesn Reliabiity 0.999999 Wean Reliability L & :
] 1
$ 050 B
— MPS40 - L (TKS) — MPS40 - C (TKE) — MPS40 - R (TK10) E |
o :
Stress Ratio 05311 Stress Ratio Stress Ratio 04993 0.25 -
Time: Past (hr) FeE) Time: Past (hr) 92687 Loctiecting BaTT 4 0.10 :
Time Miz=ion (hr) Time Mizsion (hr) Time his=ion (hr) 0.05 .3.
Murnber of Tanks Murnber of Tanks Murber of Tanks 0.02 *:
o 0.1 b
Pt. Relisbity 1 Pt Reliabilty 1 Pt. Relisbilty 1 |
_— 1 0.003 ] B
Mean Reliabiity 0.933339 Mean Refiability Mean Relishility 1 ' '
0.001 B . : kil
—MPS26 - At — MPS26 - Mid Bocly — EECL! | : | : : : : : |
Stress Ratio Stress Ratio Stress Ratio 0445 ; : ; : : : : : ;
Time: Past (hr) 36368 Time Past (hi) 121134 Time Past (hr) 7aTEE I i I i i i i i i
3 4 5 B 7 3 9 10 11
Titme Mision thr) Tirme hizsion (hr) Titne hiszion (hr) 1468 #of Mines
Murnloer of Tarks Warber of Tarks [ ) NumberofTanks [ 6
— “ehicle Relishilty
Pt. Reliabilty 1 Pt. Relishility 1 Pt. Relisbility 1
Wean Reliabilty 1 Mean Reliabilty 1 Mean Reliakilty 1 ‘ehicle Reliabilty Paint 0993887
T Pivat Weibull Parameter
srpivot A Slga Flight Reliabilty Mesn 0.999341
tho | 2] | 0.04| LLHL | 1] 0003
cvtpivot
tref 1.43 0.00s shape 386 oz -
o | I | ‘ Il | huraberFlights Reliakilty Confidence 0993415
=5 831767 heta | 1625] | 0.08] scale | 1] 0.2

[Click here to begin |
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Life of Program Reliability Estimate
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2 flights
From STS-118
Life of Program
COPV Reliability
15 Flights Combined
Per Flight .=
Reliability OMS Full OMS Reduced OMS Full OMS Reduced OMS Full OMS Reduced

Numbers
Point .999 66 .999 89 .999 994 .999 997 99985 .999 944

Mean .999 53 99984 4+ .999989 .999995+4 .99978 .999 918
95% CL .998 3 999 42 .999 958 .999 978 99920 .999 69

Cumulative

Reliability 1 Flight 5 Flight 1 Flight 1 Flight 1Flight 6 Flight
(per vehicle) v Y v Y, G JLife of Program, 15 flight
FrolmhqzE of Y Y Y Failure Likelihood
Flights
Point 0.999 09 1:1,099 0.999 9911:111,111 0.99951 1:2,041
Mean 0.9987 1:769 0.999 9841:62,500 0.999 27 1:1,370
95% CL 09953 1:213 0.999 9361:15,625 0.9973 1:370
e OMS tank s/n 020 in RPO3 is the driver for OV-103 reliability numbers  Note that reliability for each
e OMS tank s/n 018 in LP03 is the driver for OV-105 reliability numbers individual flight is virtually the
. . . . b same for all the individual flights
e MPS tank s/n 021 in OV-105 is a large contributor to reliability numbers through the end of the Program

Note: OV-104 numbers based on replaced MPS Tanks.

Copyright © 2010 Boeing. All rights reserved.
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Risk Apportionment
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COPV Risk Profile - OV-103
5.00E-06

=8—Fersonnel at Risk
== Mitigated by Clears Stage 2 4 50E-06
Load
4 00E-06
3.50E-06
3.00E-06

2.50E-06

- 2.00E-06
9.10E-07

i~
B
o
7

e

S
m

age
ol Load 1.50E-06
1.00E-06
L. 66E-07
EECLS S
5 00E-07
0.00E+00

9.00 8.00 .00 6.00 5.00 400 3.00 2.00 1.00 0.00
L-Days
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OV-103 Risk Profile

Table Showing Risk by Subsystem
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OW103 COPV Risk Apportionment 2007-Mov {with hours, post STS-120) Aggregate Subsystem Risk Per Hour
Event Timeline L-Days Risk Per Hour Risk 1in ... Risk OMS MFS RCS ECLSS
Prior to Loading - 72.00 ] i]
o Fram 72.00 1.58E-08
ECLSS(L) Pressurization
To 71.75 1.88E-00 9. 43E-09 105524752 1.58E-08
From 71.75 2.12E-10
ECLSS Hold
To 454 2.12E-10 341E-07 2030297 2.1157E-10
Stage 1 Load (Cheat) From 454 5 BRE.OT
(Pad Clear 1)
To 4.00 5.86E-07 742E-0G 134781 S.G558E-07 | 2.7880E-10] 2.8424E-10| 2.1157E-10
From 4.00 1.1E-07
Stage 1 Hold
To 3.35 1.1E-07 1.85E-D& 5405582 1.1288E-07| 2.1880E-10| 4.8858E-10| 2.1157E-10)
Stage 2 Load
From 3.36 4. 25E-05
(Pad Clear 2}
To 2.85 4 38E-05 4.20E-05 23784 4.3285E-06| 2.7187E-08| 2.6714E-08| 2.1157E-10|
From 2.85 B.10E-07
Stage 2 Hold
To 0.00 B.10E-07 G.48E-05 15483 2.0480E-07| §.6488E-08| 7.8228E-08| 2.1157E-10|
From 0.00 B.10E-07
Scrub 2 days
To -2.00 B.10E-07 4 37TE-05 22002 2.0400E-07 G.048BE-00 7.8220E-00 2.1M157E-10
. From 0.00 1.03E-08
Flight
To -12.00 1.03E-08 Z8E8E-O7 3383365 ?.54I]6E-1D| 1.49E-BE—11| 3.572TE-11 2.1157E-10)

Note: Once the vehicle reaches Orbit, the COPV risk is gone.
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Mitigating Buckling Concerns

Analysis of Potential for Titanium Liner Buckling after
Proof in a Large Kevlar/Epoxy COPV, AIAA 2009-2520

BOEING is a trademark of Boeing Management Company. Author, 10/19/2010, Filename.p t
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COPV — Suspect Buckling
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= During initial internal borescope inspection of 40" COPV S/N
002 at WSTF an anomalous surface condition was noted

 Borescope inspection performed as part of health assessment —
designated as potential spare for installation in OV-104

* Rippled or wavy appearance observed
 Found throughout (360 around) the membrane regions (both halves)
e Suspect that condition may be result of liner buckling

» Possible impacts of liner buckling
 Reduction in fatigue life
« Change in load sharing properties between liner and overwrap
 Change in reliability
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Borescope Photographs
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04/23/2007 14:01 COPY S/N 002 1 001 OLYMPUS 04/23/2007 1405 COPV S/N 002 1 001 OLYMPUS

04/23/2007 14:05 COPY S/N 002 1 001 OLY[MPUS

Copyright © 2010 Boeing. All rights reserved.



Experimentally Observed Surface Depressions
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circumferential degrees around equator
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Modeling Steps

BDS | Space Exploration | Engineering & Mission Assurance
Step 1: Pressurization up to proof pressure
= Model liner yielding, formation of local valleys from void compaction
= Characteristic shapes compared to measurements.
= Calculate liner properties.

Step 2: Depressurization to zero pressure
= Calculate growth of Step 1 deformation.

= Frozen in pressure and moment distributions from Step 1 become
“forcing functions” in Step 2, driving increased transverse
displacements, potentially leading to buckling.

= During unloading we track transverse displacements, bending
moments, and through-thickness liner stress profiles to compare to
lowered compressive yield thresholds from the Bauschinger effect.

Step 3: Assembling the results

= Finally we put it all together and assemble the results for the various
stages up to peak proof pressure and the subsequent depressurization
to zero vessel pressure.

= \We mention the criteria that allow final assessment of the likelihood of
liner buckling for various values of initial ‘frozen-in” depression depths
as seen in profilometry inspection.
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Bauschinger Effect from Yielding
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Uniaxial load cycles applied to a specimen taken from a Ti liner
demonstrating the Bauschinger effect

200 @
- /
/

150

Y,/ AN,
/A4

Stress (ksi)

-50

0 0.005 0.01 0.015 0.02 0.025 0.03

Strain (in/in)
Material response in tension differs than in compression. Bauschinger effect
becomes key in developing instability wherein extensive prior yielding in tension
reduces the magnitude of the yield threshold in compression by 30 to 40%
compared to the virgin annealed state of the titanium.

-100

48

Copyright © 2010 Boeing. All rights reserved.



Effect of Reducing Liner Stiffness by 15% on

Bending Moment

BDS | Space Exploration | Engineering & Mission Assurance

50 I I I | I I [ | I
40 || OMS vessel with single liner depression SLP 7/18/07
of 40 mils depth showing destabilizing E § § ! -
30~ effect of 15% stiffness loss due to U I-‘;’"él;'""T",;,_'I;ai'l"; _:};;ﬁ;;{&}_s};}}tr;_ﬁ_tié;_é;_;_:—r_c;;f """""""""""
20} E:;St:'::]s?s; \;Ite::]:f(:?:tr::;’-l:gclllger ,f\"ﬂ- pressure after liner yieding in tension. |-
10{-{ “*"P prootey e S e e
o v :
; '
-10 R - GECEla

final bending moment distribution
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Effect Changing Depression Depth on Interface

Pressure
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Effect Changing Depression Depth on Bending

Moment
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Conclusions
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* The key result is that depression depths of up to 40
mils can be tolerated but above 40 mils, the
Bauschinger effect dominates and buckling become
Increasingly likely.

= Note that in the absence of a liner depression, the liner
IS elastically stable in hoop compression even at
overwrap-liner interface pressures approaching 6000
pSl.

= So far a 40 mil depression has been seen but only in
the thickened weld band, where this analysis does not

apply.
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Accelerated Stress Rupture Test (ASRT)

BOEING is a trademark of Boeing Management Company. Author, 10/19/2010, Filename.ppt
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ASRT Overview
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= Obtain a stress rupture data point from an Orbiter COPV for
comparison to the baselined COPV stress rupture reliability model.

= Single data point could not validate current model but could provide
increased confidence in the model predictions

= |t was necessary to Accelerate time through holding the tank at
iIncreased temperature or pressure.
« COPV test team decided to maintain pressure at 4850 psia and increase
temperature to 130 deg F (Phase 1) & 160 deg F (Phase 2)
= This test was designed to encompass multiple accelerated stress
rupture pressurized test phases:
* Phase 1. “moderately accelerated test” 35,575 total effective hours
— Designed to achieve the midpoint of model predicted Point reliability.

* Phase 2: “aggressively accelerated test” 86,745 total effective hours

— Designed to determine if the test article will exceed the 95% confidence interval of the
stress rupture model Point reliability prediction.

 Phase 3 & continued for engineering value 113,000 total effective hours
— Test proceeded to failure, to obtain the first measurement of a stress rupture failure.
— Pressure, Temperature: 5200 psia, at 160°F (Phase 3)
— Pressure, Temperature: 5400 psia, at 173°F (Phase 4)

o4
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Accelerated Stress Rupture Test
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Test article eventually failed after 3,100,000 effective hours

Copyright © 2010 Boeing. All rights reserved.



@aaflma

Bayes Analysis

Bayes Analysis and Reliability Implications of Stress-Rupture Testing of a Kevlar/Epoxy
COPV using Temperature and Pressure Acceleration, AIAA 2009-2569

With Pappu L.N. Murthy, NASA Glenn Research Center

BOEING is a trademark of Boeing Management Company. Author, 10/19/2010, Filename.ppt
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Statistical Approach to Evaluating ASRT Result
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ASRT Success Criteria (to increase model confidence):

Approach 1: Will the tank survive as long as the model predicts?
Compare SNOO7 life to model point reliability.
Problem — Uncertainty in model not considered.

Approach 2: How can one statistically accept current model based
on a single data point?

Hypothesis: Assume Model overpredicts lifetime.

Question: Does SNOO7 lifetime allow us to reject hypothesis
by lasting longer than criterion?

If so, then data point confirms model.

Approach 3: Can a statistical argument be made to better select
among two (or mode) candidate Orbiter Stress Ratio models?

Method: Establish lifetime predictions for candidate models
and compare

Copyright © 2010 Boeing. All rights reserved.
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Reliability Predictions for Pessimistic vs

Optimistic Scenario
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Normal probability plot
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Uncertainty as a function of reliability for the different
Stress Ratio Models.
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Main Finding and Where We Seem to be Today
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Mormal probability plot
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ASTR Summary:

Update to Orbiter Reliability Model

BDS | Space Exploration | Engineering & Mission Assurance

= The ‘success’ of the Accelerated Stress Rupture Test has
not been fully investigated.

= Orbiter Project made a conscious decision not to update the
reliability model based on a successful Accelerated Stress
Rupture Test

* Increasing the model fidelity was not needed to make flight
decisions

 Rationale was to spend resources to make the vehicle fly safer and
not to update models and charts
= COPV Analysts believe that should the model be updated,
the Bayesian analysis is justification for adopting the
competing stress ratio model.

« Bayesian Approach has been peer reviewed in the literature but
has not fully been vetted by the Space Shuttle Program and NASA

» Alternate stress ratio model would decrease the flight risk by one
order of magnitude (or add one ‘9’ to the reliability predictions).
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Raman NDE Technique

Use of Raman Spectroscopy and Delta Volume Growth from Void
Collapse to Assess Overwrap Stress Gradients Compromising the
Reliability of Large Kevlar/Epoxy COPVs, AIAA 2009-2566

With Jeffrey Eldridge, Glenn Research Center.

BOEING is a trademark of Boeing Management Company. Author, 10/19/2010, Filename.f/gt
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Raman Spectroscopy: Potential NDE Technique
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Potential technique to assess
COPYV health through Non
Destructive Evaluation (NDE)

Techniques.

Instead of estimating the stress from the change in tank
volume, hypothesis is to measure the strain using a Raman
Spectrometer on the exterior of the tank and correlate to stress
through the thickness of the overwrap. (Nobel Prize 1930)
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Kaiser Measurements: SNOO1
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Note: band numbers

in Raman plots are
wrap numbers -1

Raman measured surface elastic strains on SN001 (1200 meridian)
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Stress Through Overwrap Thickness
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original proof ! ' ' ' ' ! '
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Raman as an NDE Technique
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Relook at Reliability
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Lngnormal plot
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SNO020 — currently carried as 310 in3. Would Raman measurements
change current risk level? update reliability to two 9’s or four 9’s?
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Conclusion
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= Variability and Uncertainty in Orbiter Fleet has
motivated the Orbiter Engineering Team to investigate
alternative approaches to assess safety on flight COPV.

* NDE Technique of Raman Spectroscopy is shown to
guantitatively assess tank health and preliminary
results show the method could provide a screen to
detect unreliable flight articles.
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Future of COPV
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= Composite vessels used extensively in space
applications
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International Space Station:

Current Configuration
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COPV Geometry Media Volume On-Orbit Maximum Minimum Fill/Burst  Approx
Maximum — Design Design  Pressure Design
Fill Pressure Operating  Burst Ratio Safety
Pressure  Pressure Factor

(in.) (in) (psig)
HPGT 37890 O, or N2 26,093 2509 3400 6800 0.369 2711
NTA 45Lx197@ Na 12,000 2495 3000 6000 0416 2411
PCU 15370 Xe 1680 1400 3000 6000 0.233 4291
SAFER 9Lxo@ N2 170 3000 10000 20000 0.400 251
VGA 7221 =x355@ Adr 446 1500 3000 6000 0.250 4:1
GBA 171 Lx85@ Ar 635 2630 3000 6000 0438 2281
AMS-2-He 15370 Xe 1680 2500 3000 6000 0417 241
AMS-2-CO, 124 @ COs 813 1440 3200 6400 0.225 4.44:1
AMS-2-He 217L=x660G He 505 2900 3538 8845 0328 3.05:1
VCAM 81Lx3680 He 478 1985 2150 15300 0.130 7.71:1
GBU-Ar 980 Ar 467 1987 2630 5260 0.378 2.65:1
GBU-He 980 He 467 1987 2630 5260 0.378 2.65:1
GBU-CO, 98O CO, 467 435 2630 5260 0.083 12.1:1

& = Diameter; HPGT = High Pressure Gas Tank; NTA = Nitrogen Tank Assembly; PCU = Plasma Contactor Unit;
SAFER = Simplified Aid for Extravelicular Activity Rescue; VGA = Vernification Gas Assembly; GBA = Gas Bottle Assembly;
AMS = Alpha Magnetic Spectrometer; VCAM = Vehicle Cabin Air Monitor; GBU = Gas Bottle Unit
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ISS Configuration
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International Space Station:
NORS Development
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Nitrogen Oxygen
Recharge System:

Shuttle currently
supplies gasses to ISS

Post Shuttle > =\
Retirement COPVs L
will deliver O2 and N2. '
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Backup Charts
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